The occurrence of functional left-right cerebral asymmetries has been documented in a wide range of animals, suggesting that the lateralization of cognitive functions enjoys some kind of selective advantage over the bilateral control of the same functions. Here, we compared schooling performance of fishes with high or low degree of lateralization, which were obtained through selective breeding. Schools of lateralized fishes moving in a novel environment showed significantly more cohesion and coordination than schools of non-lateralized (NL) fishes. Pairs of fishes lateralized in opposite directions were as efficient as pairs of same laterality, suggesting that the performance of lateralized fishes derives from a computational advantage rather than being the consequence of a behavioural similarity among schoolmates. In schools composed of both lateralized and NL fishes, the latter were more often at the periphery of the school while lateralized fishes occupied the core, a position normally safer and energetically less expensive.
INTRODUCTION
Cerebral lateralization is not a feature unique to humans and three decades of studies have reported behavioural and anatomical asymmetries in a wide range of vertebrate species, from fishes to mammals and birds (reviewed in Rogers & Andrew 2002) . Remarkable similarities have been reported even among distantly related species (Sovrano et al. 1999; Bisazza et al. 2002) and it is still debated whether cerebral lateralization arose very early in a common ancestor of all extant vertebrates or evolved independently in different lineages under similar ecological conditions (Andrew 2002; Vallortigara & Bisazza 2002) . There are recent reports of anatomical or behavioural asymmetries in invertebrates, for example, spiders (Ades & Ramires 2002) , insects (Kells & Goulson 2001; Pascual et al. 2004 ) and decapods (Byrne et al. 2002) , which suggests that lateralization might be even more common than presently thought.
The prevalence of lateralization in the animal kingdom implies that individuals showing lateralization of the cognitive functions enjoy some kind of selective advantage over individuals with bilateral control of the same functions (Rogers 2000 (Rogers , 2002 . To date, few studies have investigated this issue. Among free-living chimpanzees, individuals specialized in using one hand were more efficient in termite fishing than individuals not showing such specialization (McGrew & Marchant 1999 ). Rogers and co-workers observed chicks that had to discriminate food from non-food in the presence of a model predator; normally, lateralized chicks learnt this discrimination more rapidly than chicks that were incubated in the dark and were poorly lateralized (Rogers 2000; Rogers et al. 2004) . Studying pigeons, Gü ntü rkü n and collaborators (2000) confirmed a better visual discrimination in strongly lateralized individuals.
Apparently, lateralization confers some advantages in humans too. Crow et al. (1998) reported that in verbal tests conducted in a large sample of 11 year old children, both left-and right-handed individuals did slightly better than ambidextral individuals did.
Schooling is a very basic feature of aquatic species (Shaw 1978; Wassersug et al. 1981; Motta & Wilga 2001) and may have appeared very early in vertebrate evolution. Over 50% of bony fish species school (Shaw 1978) and true schooling has been reported in a number of cartilaginous fish species and in many other aquatic vertebrates (Klimley 1985; Economakis & Lobel 1998; Benoit-Bird & Au 2003) . The ability to swim with others in a coordinated fashion has been demonstrated to have a large impact on individual fitness, as it allows for reduced energetic costs of locomotion, increased safety from predators, improved foraging efficiency and bears a number of other potential benefits (Pitcher et al. 1982a; Pitcher & Parrish 1993; Krause et al. 2000) . Being so crucial for survival, schooling behaviour appears an ideal target for studies focusing on the evolution of functional brain asymmetries.
This study compares the performance of schooling in fishes with high or low degree of lateralization, which were obtained through selective breeding. In one experiment, we compared measures of cohesion and alignment in groups made of lateralized individuals and in groups made of non-lateralized (NL) fishes. In a second experiment, we recorded the position occupied within a small school by individuals with different degree of lateralization.
METHODS
We used three groups of fishes obtained through selective breeding for different degree and direction of lateralization Vallortigara & Bisazza 2002) . A stock population of Girardinus falcatus was maintained in our laboratory since 1992 and bred in population tanks. Selection lines were started in 1997 and 1998. Selection was based on scores in the 'detour test'. In this test, a subject swims along a runway until it faces a barrier behind which a model predator is visible. The percentage of right and left turns taken by the fishes when leaving the runway is computed for 10 successive trials. The direction taken by a fish is strictly dependent on its eye preference when scrutinizing the stimulus and it is highly heritable in this species (Facchin et al. 1999; Bisazza et al. 2000) . Four populations were selected for the direction of laterality (two replicate populations for left turning (LD) and two for right turning (RD)) and one population was selected for low laterality (equal preference to turn left or right). All five populations showed significant response to selection when compared with a control line (Vallortigara & Bisazza 2002) . Fishes of RD and LD lines differ in many other lateralized tasks and it was suggested that they have a completely mirror-reversed organization of cerebral functions, while NL fishes have a bilateral representation of most cognitive functions (Bisazza et al. , 2004 .
We used adult females (ca. six to seven months old) after they had produced their second litter in the selection experiment (mostly from generations six and seven). They were subdivided into three experimental groups: fishes that turned 80% or more to the left (LD group) fishes that turned 80% or more to the right (RD group) and fishes that turned 50% of times in each direction (NL group). Individuals were maintained in small heterosexual groups (12-15 fishes, ca. 1 : 1 sex ratio) of the same laterality, kept in 70 l glass aquaria with abundant vegetation (Ceratophillum sp.) and artificial lighting 16 h a day; water temperature was maintained at 25G2 8C and all fishes were fed dry fish food and Artemia salina nauplii twice a day.
(a) School cohesion and alignment We observed schools made of two unfamiliar fishes (either two lateralized or two NL fishes) in a large unknown environment and scored two measures of schooling efficiency, the inter-individual distance and the degree of alignment of the school. We observed a total of 94 schooling pairs belonging to four experimental groups: LL (two LD fishes, nZ17) RR (two RD fishes, nZ18) MixL (one RD and one LD fish, nZ22), NN (two NL fishes, nZ37). Fishes were used only once and all individuals were fed to satiation prior to experimentation.
Two fishes matched for size were drawn from two different tanks and moved into a hollow glass cylinder at the centre of the apparatus, a circular opaque plastic tank (100 cm diameter) filled with 15 cm of water. A semispherical ceiling covered the apparatus except for a small central portion to allow video recording of the test. After 5 min, the cylinder was raised from a separate room. Recording started 60 s after the fishes were released and lasted for 4 minutes. Recording was digitized into a computer at two frames per second (a total of 480 images for each school). Frames in which one of the fishes was less than two body lengths from the wall were not included in the analysis. This left an average of 394.15G 14.75 frames per school. For each frame, a computer program calculated the distance between the two fishes (snout to snout distance) and the degree of alignment of the school (angle in degrees formed by prolongation of the major body axis of the two fishes).
The computer program then calculated for each school the average distance between the pairs of fishes and the degree of alignment. A 'schooling index' was also computed as the geometric mean of these two measures
The tests were performed in different periods of the year, from spring 2002 to summer 2003. As far as possible, the same number of lateralized and NL fishes were tested each day. In all ANOVA analyses, we considered as factors the month of the year and the average length of the fishes in the school (as a covariate). Statistics for these two factors are reported only when significant. Independent variables were transformed to obtain homogeneity of the variances when necessary.
(b) Position within the school We observed schools made of three unfamiliar individuals, one LD, one RD and one NL fish in the same conditions of the previous experiment. Thirty adult females (10 RD, 10 LD and 10 NL) were used for this experiment. One hour before the experiment, fishes were given individual identity marks, by dying dorsally one small dot (ca. 1 mm) with 1% toluidine blue solution using a 0.35 mm needle. Three different mark positions were used, randomly assigning the position for each triplet of fishes. Subjects were matched for size with maximum difference of 1 mm within a triplet. The three fishes were released in the experimental tank from a central cylinder after a 5 min settlement period. They were recorded for 20 min after the release. As in the previous experiment, the first 4 min of the test were digitized into a computer, at two frames per second. Frames were analyzed by an expert observer, who was unaware of individuals' identity. For each frame, the common axis of the school was computed as the average direction of the three fishes. We considered only frames in which the angle between each fish and the other two was less than 258 and in which there was a partial overlap of the three bodies along the common axis. The position (left side, right side or central) of each fish inside the school was recorded.
From the video recording, we noted down the number of times a fish lost tight contact with the school, defined by a distance from the nearest fish larger than two body lengths. This was done for the whole 20 min period by an expert, blind observer.
RESULTS (a) School cohesion and alignment
The two measures of schooling efficiency, cohesion (inter-individual distance) and alignment (angle between body axes) were largely independent (Pearson correlation rZ0.105; nZ94; pZ0.314). No significant difference was found between fishes of the two lateralized lines in either measure of schooling efficiency, cohesion (ANOVA: F 1,26 Z0.24, pZ0.879; figure 1a ) and alignment (F 1,26 Z1.17, pZ0.289; month of the year: F 3,26 Z6.24, p!0.01; figure 1b) or in the geometric combination of these two measures, the schooling index (F 1,26 Z0.64, pZ0.431; figure 1c) . For the subsequent analysis, data of LL and RR fishes were pooled together. Lateralized fishes (LL and RR) performed better than NN fishes in both cohesion (F 1,60 Z4.69; p!0.05; month of the year: F 6,60 Z2.99, p!0.05) and alignment (F 1,60 Z4.29, p!0.05). The different efficiency between lateralized and NL fishes is clearly depicted by the schooling index (F 1,60 Z9.79, p!0.01; month of the year: F 6,60 Z3.12, p!0.05).
The performance of schools made of fishes with opposite laterality (MixL) was contrasted with the two former groups excluding the covariate (body length) from the model to allow multiple post-hoc comparison. No significant length difference was however present among these groups (ANOVA: F 2,91 Z2.61, pZ0.079).
MixL fishes showed a significantly higher cohesion than NN fishes and did not differ from pairs of fishes with the same laterality, LLCRR (F 2,79 Z3.48, p!0.01; post hoc Sheffé method p!0.05; month of the year: F 2,79 Z2.94, p!0.05). The difference among the three groups in their alignment was not significant (F 2,79 Z2.85, pZ0.064) although a strong trend was evident. In the schooling index, MixL fishes, performed significantly better than NN and not differently from the other lateralized fishes, LLCRR (F 2,79 Z6.05, p!0.01; post hoc Sheffé method p!0.05; month of the year: F 2,79 Z3.19, p!0.01).
In many frames (45.1%G15.9), one fish was visibly leading and the other following. This latter individual saw the mate's flank with one eye and the surrounding environment with the other. In a subsample we recorded the position of the follower in schools of LL (nZ10), RR (nZ10) and NL (nZ10) fishes. In RR pairs, the follower tended to keep the leading fishes on the left side more often (61.5%G14.7 of the time; one sample t-test, t 9 Z2.25; pZ0.051) so that they saw the surrounding environment with their right eye. In LL pairs, fishes showed a tendency to kept the leading fishes on their right side (56%G10.5; t 9 Z1.81, pZ0.1). The difference between RR and LL fishes is significant (Student t-test t 18 Z2.88; p!0.01). NL fishes showed no preference (48.9%G19.2 leading fishes on the right; t 9 Z0.17; pZ0.869).
As a reference, we tested a small sample (nZ15 pairs) of fishes randomly selected from the stock population. The procedure is the same used with fishes from selected lines. The average efficiency of these 15 pairs (schooling index 38.7G12.3) was lower than that of lateralized pairs (nZ57; 33.8G5.6) and very close to that of NN pairs (nZ37; 37.1G6.2). The former difference was marginally non-significant (ANOVA F 2,106 Z4.08, p!0.05; post hoc Sheffé method pZ0.065) (b) Position within the school An average of 131.8 (G69.5) frames per school fit the criteria for the analysis. The central position was occupied most of the time by one of the two lateralized fishes (LD fishes: 43.2%G37.9; RD fishes: 50.1%G37.1) while NL fishes were in the centre of the school in less than 10% of the observations (6.8%G12.1). LD and RD fishes did not differ in the time spent in the central position and both were in the central position significantly more often than NL fishes were (ANOVA F 2,27 Z6.28; p!0.01; post hoc Sheffé method p!0.05).
We recorded 130 cases (average per test: 13G2.7) in which one fish lost tight contact with the school. In 56.9% of the cases the fish was NL, in 21.5% it was LD, and in 21.5% it was RD. These values differ from random expectation (c 2 2 Z32.6; p!0.001).
DISCUSSION
Lateralized fishes showed more cohesion and were more closely aligned with shoalmates while swimming in a novel environment compared with fishes with a low degree of lateralization. In addition, in schools composed of both lateralized and NL fishes, the former were located in the central position more often than chance and were less likely than NL fishes to lose contact with the rest of the group.
A 'school' is commonly defined as a group of fishes moving in the same direction, at the same speed and maintaining a given distance from the neighbours (Pitcher 1983) . Theoretical and empirical studies suggest that both the cohesion and the polarity of a school increases the fitness of its components, promoting school integrity and allowing for faster swimming, reduced costs of locomotion and enhanced manoeuvrability (Pitcher & Parrish 1993; Gueron et al. 1996; Viscido et al. 2004 ). An individual's position inside a school is also important for its fitness. Intra-school positional preferences have been documented in a number of species (Pitcher et al. 1982b; Krause et al. 1998a) and there is good evidence that fishes in a central position suffer reduced predation (Krause et al. 1998b; Bumann et al. 1997) affect schooling behaviour. Under hypoxia, fishes tend to increase inter-individual distance and food-deprived fishes may prefer the periphery of their school or even reduce their propensity to associate with schoolmates (Krause et al. 1992; Domenici et al. 2002; Hoare et al. 2004) . However, we can exclude these latter factors from operating during our experiments. The observation that lateralized fishes are more aligned, swim in a closer formation and occupy more favourable positions inside the school thus implies that in their natural environment, they probably enjoy advantages such as energy saving or greater protection from predators. More direct evidence of a social advantage comes from heterogeneous schools in the second experiment where the risk of losing contact with schoolmates was twice as large in NL fishes compared with LD or RD fishes.
Interestingly, Rogers & Workman (1989) reported that social behaviour is affected by lateralization in chicks too. They scored the social hierarchy in groups of normally lateralized chicks hatched from eggs exposed to light and chicks from eggs incubated in the dark and hence weakly lateralized. They found that hierarchies were more stable in groups of light-exposed than in groups of darkincubated chicks.
How can lateralization provide an advantage in group swimming? One may argue that while NL fishes show a random response to environmental stimuli, two similarly lateralized fishes always make the same choice in the same situation (Bisazza et al. , 2004 . In a school of the latter, fishes will tend to move more often in the same direction and the integrity and cohesion of the group will be preserved (Rogers 2002; Ghirlanda & Vallortigara 2004) . Our experiments indicate that pairs of fishes with opposite direction of lateralization school as efficiently as pairs of fishes with the same laterality direction, although this is more obvious for inter-individual distance than for alignment.
Lateralized fishes must therefore enjoy some other sort of advantage, possibly of a computational nature. The literature provides some theorization of the mechanisms through which this could be achieved. When behavioural alternatives are available, cerebral asymmetries, for example, may reduce the chance of conflicting responses from the two sides of the brain (Andrew et al. 1982) . Lateralization may speed up neural processes by avoiding slow inter-hemispheric interactions or by allowing for a more effective parallel processing (Levy 1969; Deacon 1997) . Rogers (2000 Rogers ( , 2002 has proposed a different explanation. In many situations, animals face the need to simultaneously process and store different types of information, for example, while searching for food and maintaining vigilance for predators. She suggested that cerebral asymmetries initially evolved to allow individuals coping with divided attention. In fishes, as in most vertebrates, most sensory systems (including the visual system) consist of two laterally placed organs that send most fibres to one side of the brain. Having a lateralized brain may allow individuals to carry out simultaneous processing in an efficient way by channelling the different types of input or output so that each side of the brain carries out a different kind of information processing. Our lateralized fishes could be showing a more efficient schooling since they were able gather information about the position and movements of the shoal mate with one eye (and process it in the contralateral side of the brain, specialized for this task) while scanning the surrounding environment with the opposite eye. Data on sidedness of the followers in experiment 2 support this view.
Overall, our results indicate that in small schools, lateralized individuals enjoy an advantage by associating with fishes of the same type. Whether this effect also holds for larger schools remains to be investigated. Another important direction for future research is to determine if individuals are assorted in schools according to their laterality. Although wide inter-populational differences have been evidenced, most populations are probably composed of individuals with different degree of lateralization (De Santi et al. 2001; Brown et al. 2004) . Random association of fishes is expected leading to the formation of schools consisting of both lateralized and NL fishes. Indeed, our data on pairs of fishes randomly selected from the stock population indicate that their schooling efficiency is closer to that of NN fishes. In this context, it would be beneficial for a lateralized fishes to associate with the other lateralized individuals of its population. The same mechanisms underlying spatial assortment by size and familiarity (Krause & Godin 1994; Griffith & Magurran 1999; Couzin & Krause 2003 ) might work to sort fishes by their laterality. For example, lateralized fishes might evaluate schooling efficiency and, on this basis, decide whether to stay or move to another school, or use past experience to associate more often with those individuals of their population that, in previous encounters, proved to be more effective schoolmates.
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